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Abstract. A mathematical model was developed for enzymatic starch hydrolysis, considering 
a Michaelis Menten kinetic approach. For defining and implementing the mathematical model, the 
following stages were accomplished: defining the considered chemical species, the chemistry of the 
reaction involved and the interactions between the reagents, defining the kinetic of each elementary 
reaction stage, establishing the initial values for the considered substances concentrations, writing the 
corresponding programming algorithm using Matlab 7.1. The proposed model consists in a set of 
ordinary differential equations, whose integration was made using the adaptable fourth order Runge-
Kutta algorithm. The model was validated using an experimental lab-scale approach, monitoring the 
glucose concentration during starch hydrolysis. A good agreement between the experimental and 
predicted data were obtained in the first part of the process; near and within the saturation domain 
some shifts were recorded toward smaller glucose concentration than the predicted ones, a possible 
explanation being that the real enzyme de-activation is greater than the predicted one. The model can 
be utilized to establish the time required for a given conversion or the enzyme concentration for a 
given starch conversation, or as a tool for interactive learning in technicians’ training. 
 




The need of mathematical models for enzymatic processes arises from multiple 
viewpoints: they allows a better understanding of biotransformations, enabling a closer look at 
the influence of various parameters, ending with reactor design and process optimization 
[Barbu et al., 2004; Caraman et al., 2002; Gillespie and Petzold, 2006; Schlick, 
2002].Another major advantage of such an approach is that of experimental design, as a 
validated functional mathematical model generates rapidly datasets instead of conducting real 
experiments for this purpose, minimizing thus the costs, the required time and simplifying the 
whole procedure. Mathematical models, especially when properly implemented in computer 
software, proved to be efficient tools in establishing the optimal values for technological 
parameters [Marinoiu, 1986; Wilkinson,  2006]. Modeling proved to be the best approach in 
enzymatic bioreactors’ design, a good model being a key point in establishing a proper 
process control and automation. 
An adequate model has to agree with some generally accepted common aspects 
[Bellomo and Pulvirenti, 2000; Cornish-Bowden, 2004; Dyson et al., 2003], resulted from 
practice, revealing that the reaction rate increases linearly with the enzyme concentration (a 
first order reaction related to the enzyme concentration). At constant enzyme concentrations 
and low substrate concentrations, the reaction rates varies linearly with substrate 
concentration (a first order reaction related to the substrate concentration); with increased 
substrate concentration, the reaction rate reaches a maximum, while at high substrate 
concentrations the enzyme works at full capacity, becoming saturate with substrate. The 
saturation effect is common for all enzymes, the concentration of the involved substrates 
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differing significantly; this effect is the one leading to the hypothesis that enzymes react in a 
reversible manner with substrates to form intermediate complexes, during an essential stage of 
the catalyzed reaction. The existence of a stationary state was revealed for cases in which the 
substrate concentration is higher than the enzyme concentration [Rao and Arkin, 2003].   
For defining and implementing the mathematical model, the following stages were 
accomplished: defining the considered chemical species, the chemistry of the reaction 
involved and the interactions between the reagents, defining the kinetic of each elementary 
reaction stage, establishing the initial values for the considered substances concentrations, 
writing the corresponding programming algorithm using a proper software product in order to 
integrate the resulted system of ordinary differential equations which represent the 
mathematical model. 
 
MATERIALS AND METHODS 
 
1. Lab-scale starch hydrolysis for method validation: 20 g starch was homogenized in 100 
mL cold water, then the resulted mixture was poured in 800 mL hot water, while mixing.  The 
final mixture was left standing to reach at room temperature, being then transferred in a 1000 
mL graduated flask and completed to distilled water. The obtained starch system was 
transferred in a 4 L flat bottom flask, which was placed on a heated magnetic stirrer where it 
was maintained until it reached 900C, then for one more hour. The temperature was decreased 
to 600C and the pH was adjusted to 5.5 using a phosphate buffer. Saccharification was 
performed at 250 rpm using 500 µL Dextrozyme GA. 5 mL samples were withdrawn at 
each 3 hours from the reaction mixture, being diluted 1:1 with water in a 5 mL graduated flask 
and filtered through a 0.47 µm membrane filter directly in a 2 mL autosampler vial, being 
immediately subjected to high performance liquid chromatographic analysis. 
 
2. High performance liquid chromatographic analysis (HPLC) was accomplished on a 
Shimadzu system using the procedure of Muntean et al (2010). 
 
3. Data processing was accomplished using MatLab (The Mathworks Inc., USA). 
 
RESULTS AND DISCUSSION 
 
 The proposed mathematical model describing the enzymatic conversion of starch in 
glucose is based on the following assumptions:  
 the enzymatic reaction follows Michaelis-Menten kinetic;  
 the batch-process occurs in a reactor where the reaction mixture is homogenous 
and the mixing is a perfect one, operated in isothermal conditions, at optimal temperature  
(Fig. 1);  
 the substrate has a homogenous composition;  
 hydrolysis is complete, leading to a unique reaction product (glucose), the global 
process being described by the equation: 
C6H10O5)n( + (n-1) H2O nC6H12O6  
 during the enzymatic reaction, enzyme de-activation occurs, this process being 
characterized by a de-activation constant kd;  
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 the substrate concentration is much higher than that of the enzyme, hence the 
amount of substrate linked by the enzyme is negligible compared with the total substrate 
concentration;  
 the overall enzyme concentration during the whole process is constant: 




Fig. 1. Model system for batch enzymatic starch hydrolysis 
 
The Michaelis-Menten mechanism is based on the interaction between the enzyme (E) 
and the substrate (S - starch), leading to an intermediary enzyme-substrate complex (ES), 
from which the reaction product (P – glucose)  is generated: 





where: k1 – reaction rate constant for enzyme-substrate linking; 
 k-1 - reaction rate constant for enzyme-substrate complex dissociation; 
 k2 – reaction rate constant for reaction product generation. 
 In the considered Michaelis-Menten mechanism, three stages can be identified.  The 
first stage is a rapid bi-molecular reversible one, leading to the formation of an enzyme-
substrate complex: 
E + S ES
k1
 
 The second stage is the reverse of the first one, the intermediate complex having a 
relative short lifetime: 
E + S ES
k-1
 
 The third stage leads to the final product by the irreversible conversion of enzyme-
substrate complex, while the free enzyme goes again to the first stage, linking another 
substrate molecule: 
ES E + P
k2
  
 The overall stoechiometry is described by the equation: 
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E + S E + P 
 As the first stage is much faster than substrate conversion, the limitative stage for the 
enzymatic hydrolysis is the third one. In industrial applications, the overall enzyme 
concentration in the reaction mixture is much lower than the substrate concentration or than 
product concentration.  
The expression of the involved reaction rates are: 
  ][][11 SEkv ⋅⋅=       (2) 
  ][11 ESkv ⋅= −−       (3) 
  ][22 ESkv ⋅=        (4) 
where: [E], [S] and [ES] are the enzyme’s, the substrate’s and the enzyme-substrate’s molar 
concentrations. 
 The reaction rates can be described using differential equations rates, which correlates 
the involved species concentrations combining the differential equations in a system. The 
system behavior is thus described for a given reaction volume, at a given and constant 
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 For simplifying more the computational effort, one can remove the differential 
calculus for the enzyme-substrate complex, considering as a new parameter the concentration 
the overall enzyme concentration [Et] from (1): 
 [ES] = [Et] -[E]        (9) 
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 The system of ordinary differential equations can be solved specifying the initial 
conditions (the initial concentrations of the involved species) and a time range, leading to the 
evolution of the system’s composition as a function of only one independent variable: the 
time. 
 From a dimensional point of view, the involved chemical fluxes are defined as mass 
units per volume units per time, while the concentrations are expressed in moles/ L. 
The implementation of the proposed mathematical model was accomplished using 
Matlab 7.1. (The Mathworks, Inc.). The utilized notations are: S for substrate (starch), E for 
the enzyme (Dextrozyme GA in this case), ES for the enzyme-substrate complex and P for the 
final product (glucose).  
 The differential equation system integration was made using the adaptable time step 
fourth order Runge-Kutta algorithm, resulting a matrix containing the desired results. By 
plotting the computed concentrations as a function of time, it is possible to have an intuitive 
image of the system’s evolution. To obtain the necessary values of the kinetic parameters for 
the Michaelis-Menten, practical hydrolysis experiments were accomplished and a separate 
algorithm module was designed in order to compute the reaction rate constants via a 
regression analysis approach. 
 
Fig. 2. Simulation of batch starch enzymatic hydrolysis, where the initial conditions were CS[0] =0.1 M, CE[0] = 
5 mM, CES[0] = CP[0] = 0 M; the  E and ES concentrations were multiplied as shown to be distinguishable from 
the baseline 
 
Using as initial conditions CS[0]  =0.1 M,  CE[0]  = 5 mM and CES[0]  = CP[0] = 0 
M, the simulated system behavior is the one from Fig.2, from which it is obvious that the 
maximum conversion occurs after 78.3 hours. The simulation highlights that while the starch 
concentration decreases exponentially in time, the glucose concentration follows a saturation 
kinetics; during the whole process, the enzyme’s concentration decreases because of de-
activation. Fig 3 shows an ideal situation, in which enzyme de-activation is missing (Kd=0), 
the maximum conversion being obtained after 63.7 hours. 
The ES concentration increases during the initial period, then decreases, the position 
and the height of the maximum in ES concentration profile being determined by the ratio 
between the formation rate constant and the dissociation rate constant for this complex; 
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because the ES concentration changes with a much slower rate than the concentrations of 
substrate and of product, one can conclude that ES remains in a pseudo stationary state. 
Analyzing the ES concentration profile, the simulation highlights three distinct stages during 
the enzymatic hydrolysis: an initial growing stage with a duration of some milliseconds, 
followed by a stationary stage lasting 40 seconds, then by a slow decreasing period that last 
until the end, when the substrate is completely converted into product (Fig.4). 
 
Fig. 3. Simulation of batch starch enzymatic hydrolysis, where the initial conditions were CS[0] =0.1 M, CE[0] = 










Fig.4. Prediction of the ES concentration profile during the initial period: the stationary stage is reached in 300 
ms (up) and has a duration of 40 s (down).  
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The model predictions can be used for evaluation in the case of changing the substrate 
or enzyme concentration, as in Fig 5 which illustrates the system’s behavior for variations of 
+/- 10% in starch concentration. 
 
  
a) +10%, b) -10%) 
Fig. 5. Model predictions for variations of  +/- 10% in starch concentration   
  
For model validation, an experimental lab-scale approach was utilized, monitoring the 
glucose concentration during starch hydrolysis. The obtained values were plotted on the same 
graph, besides the model predictions (Fig. 6), evidencing a good agreement in the first part of 
the process; near and within the saturation domain some shifts were recorded toward smaller 
glucose concentration than the predicted ones, a possible explanation being that the real 
enzyme de-activation is greater than the predicted one. 
 




The proposed mathematical model for batch enzymatic starch hydrolysis was 
developed for a lab-scale process, the obtained values being valid only for this one; however, 
extrapolations for bigger systems are possible after some experimental effort in order to fit 
reaction rates on the recorded concentration profiles, to obtain the corresponding kinetic 
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parameters. The model can be utilized to establish the time required for a given conversion or 
the enzyme concentration for a given starch conversation, or as a learning tool in technicians’ 
training. Because one of the main objectives in a batch bioreactor control is to establish the 
batch duration in order to obtain a maximum product yield while using minimum resource 
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